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Abstract—An optical-code-division-multiple-access (OCDMA)
system with a novel modulation scheme for simultaneous genera-
tion of time-domain spectral phase encoding/decoding (SPE/SPD)
and differential phase-shift keying (DPSK) data modulation that
can be potentially rapidly reconfigured using only a single-phase
modulator (PM) is proposed and experimentally demonstrated.
The time-domain SPE is realized by stretching and compressing
the ultrashort optical pulse through two-chirped fiber Bragg
gratings with opposite dispersion and a high-speed PM for optical
code (OC) generation and data modulation. The SPD has similar
configuration as the SPE counterpart but using another PM
synchronously driven by the complementary code pattern for OC
recognition. Simulation investigation and experimental results
both show that the code transition, dispersion mismatch between
the encoding and decoding side, and the transmission fiber dis-
persion have detrimental effect on the en/decoding performance.
In the experiment, 16-chip, 40-Gchip/s OC pattern and 2.5-Gb/s
DPSK data modulation have been simultaneously generated using
a single PM. The 2.5-Gb/s DPSK data have been successfully
decoded and transmitted over 34 km fiber with BER < 10~°
for five OCs. The proposed scheme employs similar setup for
transmitter and receiver, exhibiting the potential to simplify the
architecture of the whole system, and improve the flexibility and
confidentiality of OCDMA system.

Index Terms—Fiber optics, optical-code-division-multiplexing
(OCDM), phase modulation (PM), secure optical communication,
spectral phase encoding/decoding (SPE/SPD).

I. INTRODUCTION

URING the past years, optical-code-division-mul-
D tiple-access (OCDMA) has witnessed a large amount of
research activities [1]-[3], mainly owning to its potential appli-
cation in future broadband access network with unique features
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of high-speed all-optical processing, fully asynchronous trans-
mission with low latency, simplified network management,
flexible quality-of-service (QoS) control, and improved in-
formation security [4], [5]. In a typical OCDMA system, the
optical pulse is encoded into a noise-like signal according to
the unique optical code (OC) assigned to different users by the
optical encoder at the transmitter, and multiple users can share
the same transmission media, such as time and spectrum. At
the receiver side, the optical decoder performs OC recognition
by matched filtering, where the autocorrelation for the target
OC produces a high-level output, while the cross correlation
for undesired OC produces a low-level output [6], [7]. Finally,
the original signal can be recovered after electrical processing.
Generally, the previous proposed OCDMA systems can
be classified into two categories according to their working
principles [8]: incoherent OCDMA adopting intensity-based
code sequences and coherent OCDMA using phase-shifted
optical sequences. The coherent OCDMA is more attractive
for practical application because of its overall superior perfor-
mance than the incoherent OCDMA and the development of
compact and reliable en/decoding devices [5]. Proposed optical
en/decoders include superstructured fiber Bragg grating [9],
[10], planar lightwave circuit [11 ], [12], multiport en/decoder
[13] for coherent time spreading (TS) OCDMA, and spatial
lightwave modulator [14], [15], microring resonator [16],
monolithically integrated en/decoders including array-wave-
guide-grating (AWG) and phase shifters [17] for coherent
spectral phase encoding time spreading (SPECTS) OCDMA
application. In SPECTS-OCDMA system, the spectral phase
encoding (SPE) is realized by applying different phase shift
onto different spectral component of an ultrashort optical pulse,
which also results in time spreading of the short pulse as the
coherent TS-OCDMA. Whereas the decoding is to give inverted
phase changes to the corresponding spectral components by
the proper decoder with a complementary phase shift pattern
compared to that of the encoder. After the decoding, the phase
of the resulting spectrum is frequency invariant, and therefore,
the noisy pulse is temporally despread back to the original pulse
shape. Previously, most of the SPECTS-OCDMA systems were
realized in spectral domain, which makes the requirement of
wavelength stability of the laser source very stringent.
Recently, we proposed a novel time-domain SPE scheme
using two dispersive fibers with opposite dispersion and a high
speed phase modulator (PM) for coherent OCDMA application
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Fig. 1. Proposed scheme for: (a) SPE and DPSK data modulation using single PM and (b) SPD and DPSK data demodulation.

[18]. This scheme is very robust to the wavelength drift of the
laser source, because every 1 GHz wavelength drift can be
easily compensated by adjusting either the optical or electrical
delay of ~ 2.5 ps in the system. Unlike the conventional
optical encoder/decoders that are either nonprogrammable or
employing slow heater to configure the codes that cannot offer
fast reconfigurable capability [17], the proposed scheme is very
flexible in reconfiguring the OCs and compatible with the fiber
optical system. Moreover, it exhibits the potential to combine
the OC and differential phase-shift keying (DPSK) data by
using only a single PM to improve the system flexibility, sim-
plificity and reduce the cost. In our previous proof-of-principle
experiments [19], [20], we have successfully demonstrated
the feasibility of simultaneous generation of SPE with 8-chip,
20-Gcehip/s OCs and DSPK data modulation using a single
PM, and decoding using an AWG or a variable-bandwidth
spectrum shaper-based spectral phase decoder. However, the
accurate control of both the amplitude and phase in the spectral
phase decoder is rather difficult that will greatly limit the code
length and degrade the decoding as well as the transmission
performance.

In this paper, we propose and experimentally demonstrate
a novel OCDMA modulation scheme using only a single PM
for simultaneous generation of either time-domain SPE/DSPK
data modulation or time-domain spectral phase decoding (SPD),
which can potentially provide rapid reconfigurability and im-
proved security. In the proposed scheme, the time-domain SPD
has similar configuration as the SPE counterpart but with an-
other PM synchronously driven by the complementary code pat-
tern for OC recognition. Linearly chirped fiber Bragg grating

(LCFBG) is used in the time-domain SPE/SPD scheme with the
advantages of good compactness, low insertion loss, ideal dis-
persion compensation, and serving as a dispersive component as
well as an optical bandpass filter simultaneously. The proposed
scheme has several potential advantages, with respect to the pre-
vious time-domain SPE system [18]-[20] that utilized a spec-
tral phase decoder for spectral domain decoding: more flexible
to rapidly reconfigure the OC and DPSK data with the poten-
tial to enhance the network security, potentially simplified net-
work architecture by using similar setup for the transmitter and
receiver, improved en/decoding performance and relaxed con-
trolling accuracy of the amplitude/phase in the spectral phase
decoder, all of which combine make our scheme more prac-
tical for OCDMA application and secure optical communica-
tion. The rest of the paper is organized as follows. In Section IT ,
we present the principle of proposed SPE/SPD DPSK-OCDMA
scheme using single PM; the experimental setup is described in
Section III; in Section IV, we present the experimental results
and discuss the decoding performance degradation due to the
code transition, dispersion mismatch between the encoding and
decoding side, and the transmission fiber dispersion. In the ex-
periment, 2.5-Gb/s DPSK data have been successfully decoded
and transmitted over 34 km fiber using the proposed time-do-
main SPE/SPD scheme with five 16-chip, 40-GHz/chip OC pat-
terns. The conclusions are given in the last section.

II. PRINCIPLE OF PROPOSED SPE/SPD
DPSK-OCDMA SCHEME

Fig. 1 illustrates the operation principle of the proposed
scheme. As shown in Fig. 1(a), the laser source gener-



350

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 29, NO. 3, FEBRUARY 1, 2011

|| SC light source 3 2 E
| ! )
—

§4ps@10GHz DFF | 2.5Gbps | g

Q2
2
=
Q
=

{ LN-IM

Lo g
:Eg 2
: s SH
! (SMF& DCF) :q| e =0 .
' H Snm
Q 1 ATl b

____________________

(10001000 ...)

Pattern
Generator

40Gchip/s, 16-chip OC
+2.5Gbps DPSK

o A
TE
-

2.5Gbps Data OC: 40Gchip/s, 25ps
(DPSK format) 16-chip codes
T T
I e B T e OA;Lj]D_Dm_t.
t
|/’ 400ps - - N
i DPSK demodulation !
25ps i i
i + !
BER |« [—>1 || Dual-pin \ \ i
Tester ‘— ‘ ! Photo 3dB,2 0O yal
‘_‘d_et_ector‘ = d00ps) _ |
Fig. 2. Experimental setup of the proposed rapid reconfigurable time-domain SPE/SPD DPSK-OCDMA system.
a) ©)

CFBG
’sponse

Intensity_(a.u.)

b One bit (400ps)—

w/o SC

J

4.7nm BN [

Wavelength (0.6nm/div)

376ps |

Time (50ps/div)

Time (50ps/div)

Fig. 3. (a) Spectrum after LCFBG; (b) waveform of stretched pulse with SC generation; (c) waveform of stretched pulse without SC generation.

ates an ultrashort optical pulse with a broadband spectrum
(A1, A2, A3, \y) for SPE. The SPE section is composed of a
pair of dispersive devices with opposite dispersion values (
—D and +D) and a high-speed PM. The first dispersive device
with dispersion value of —D is used to stretch the pulse in
time domain. Different spectral components of the input pulse
will spread at different positions in one bit duration. The PM
is driven by combining the DPSK data and OC patterns. The
DPSK data are generated by precoding the original data (100. . .
) into DPSK format (101...), and then mixed with the OC as
follows to modulate the phase of the stretched optical signal:
when the DPSK data are symbol “1,” the PM is driven by
OC (1101...), while if the symbol is “0,” the PM is driven by
OC (0010...). Therefore, the SPE and DPSK data modulation
can be achieved by using only a single PM (i.e., 1101, 0010,
1101. . .). After that, the second dispersive device with opposite
dispersion value of +D is used to compress the stretched pulse
in time domain and generate the DPSK data modulated SPE
signal.

To recover the original data, the generated DPSK data mod-
ulated SPE signal has to be recognized by proper OC and then
DPSK demodulated, as shown in Fig. 1(b). Time-domain SPD
scheme, which has the similar configuration as the SPE that is
composed of another pair of dispersive device and PM driven
only by the complementary code pattern OC is used to perform
the OC recognition. The spectral components of each bit are
in phase after the decoding. For symbol “1,” the total phase is

“OC 4+ OC = ,” while for symbol “0,” the total phase is
OC + OC = 0.” Therefore, the DPSK data are extracted from
the SPE signal as (101...). The correctly decoded DPSK data
can then be demodulated by a DPSK demodulator followed by
a balanced detector to recover the original data (100 .. .). In the
proposed scheme, the OC generation and DPSK data modula-
tion are simultaneously generated by using single PM, while
the OC recognition and DPSK data demodulation are achieved
separately; therefore, the configuration of this system would be
greatly simplified, and meanwhile, the flexibility and security
can be significantly improved.

III. EXPERIMENTAL SETUP

Fig. 2 shows the experimental setup of the proposed
time-domain SPE/SPD scheme for simultaneous generation
of SPE/SPD and DPSK data modulation. At the transmitter,
a mode-locked-laser-diode (MLLD) produces nearly trans-
form-limited ~ 4 ps (FWHM) Gaussian-like pulses with a
repetition rate of 10 GHz and 10-dB bandwidth of 2.5 nm,
spectrally centered at 1550.28 nm. Supercontinuum (SC) gen-
eration based on the MLLD, an erbium-doped fiber amplifier
(EDFA), and a piece of 2 km dispersion-flattened fiber (DFF)
is employed to broaden the bandwidth of the original spectrum
into ~ 20 nm. A Mach—Zehnder intensity modulator (IM)
driven by a pulse pattern generator (PPG) is used to convert
the source repetition rate into 2.5 GHz. For the generation of
time-domain SPE and DPSK data modulation, an LCFBG with
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Fig. 4. (a) Encoded waveform (upper row), (b) encoded spectrum (middle row), and (c) autocorrelation signal for the five OCs.

10-dB bandwidth of ~ 4.7 nm and dispersion slope of about
—80 ps/nm is used to stretch the input optical pulse. Fig. 3(a)
and (b) shows the spectrum and waveform of the stretched pulse
after the LCFBG, respectively. Different spectral components
spread into different positions in time domain because of the
dispersion. As can be seen from Fig. 3(a), the tail of the input
spectrum has been slightly cut into ~ 4.7 nm due to the sharp
spectral response of the LCFBG, which functions as a disper-
sive device as well as an optical bandpass filter. By using this
LCFBG, the wavelength stability requirement is ~ 0.5 nm for a
bit-error-rate (BER) degradation from 10~ to 10~2. As shown
in Fig. 3(b) , the stretched pulses exhibit similar profile as the
input spectrum, covering about 376 ps within one bit period
of 400 ps, and hence no obvious overlap between adjacent
stretched pulses is observed in the experiment, which can sig-
nificantly improve the decoding and transmission performance.
Fig. 3(c) shows the waveform of the stretched pulse without
SC generation, in which case the input spectrum is ~ 2.5 nm
and the stretched pulse occupies only ~ 200 ps in time domain
that will directly reduce the effective code length and degrade
the peak power ratio (P/C) between the auto-/cross correlation
signals. A PM driven by combining 16-chip 40-Gchip/s OC
pattern (corresponding to 16-chip 40-GHz/chip spectral code
pattern) and 2.5-Gb/s DPSK data then phase modulate the
stretched optical pulse. The data rate mainly depends on the
chip rate and code length in this system. For a chip rate of
40-Gchip/s and code length of no less than 16, the achievable
maximum data rate is 2.5-Gb/s. To scale the data rate, one can
either increase the chip rate, which is mainly limited by the
electronic processing technology or decrease the code length
and thus sacrifice the en/decoding performance. The DPSK
data are mixed with the OC to drive the PM in such a way:
when the DPSK data are symbol “1,” the PM is driven by OC,
while if symbol is “0,” the PM is driven by OC . A tunable
optical delay line is employed before the PM to accurately
synchronize the OC pattern and stretched pulse, so the OC
patterns can precisely modulate the phase of the corresponding

spectral component. After that, another LCFBG with opposite
dispersion of 4+-80 ps/nm is used to compress the stretched pulse
and generate the SPE signal. A span of 34 km single-mode
fiber (SMF) is used as the transmission fiber in the experiment.
Dispersion compensation fiber (DCF) module is employed
to compensate the dispersion mismatch. Although we have
previously demonstrated that the dispersion can be managed
globally [18] because the dispersion before the encoding PM
and after the decoding PM has been cancelled with each other,
here, to show its flexibility of dispersion management, the
dispersion is managed individually for each subsystem. To
recover the original DPSK data, the generated SPE signal first
has to be spectral phase decoded and then DPSK demodulated.
The decoding part has the similar configuration as that of the
encoding but the PM is driven only by the complementary code
pattern OC. Note that careful temporal alignment between the
encoding and decoding side by properly adjusting the tunable
optical delay line before the PM is essential for decoding the
SPE signal and improving the security, because it is quite
difficult for the eavesdropper to recover the target data without
proper synchronization even if he or she knows the applied OC.
The correctly decoded signal is then directed into a 2.5-GHz
DPSK demodulator followed by a balanced detector to recover
the DPSK data. A 2.65-GHz low-pass filter is used after the
balanced detector to perform data-rate detection. The BER is
finally measured by an error detector.

IV. RESULTS AND DISCUSSION

We have carried out an encoding/decoding experiment at
first using five different 16-chips 40-Gchip/s OC patterns:
two of them are from M-sequence, one is randomly selected
and the other two are from Gold codes. The patterns used
in the experiment are: OC1 (111000100110101) and OC2
(1110101100100010) are 15-chip M-sequence plus a zero,
OC3 is (1010101010101010), OC4 (101000010110100), and
OCS5 (110100010100100) are 15-chip Gold code plus a zero.
Fig. 4 shows the encoded waveform (upper trace), encoded
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Fig. 5. Waveforms of the cross-correlation signals for OC3 with the other
codes.

spectrum (middle trace), and autocorrelation (lower trace)
measured by a 10 GHz optical sampling oscilloscope for the
five codes after transmission. All the five codes have been
successfully decoded in the experiment. The cross-correlation
signals for OC3 are also shown in Fig. 5, from which one can
see that the P/C between the auto/cross correlations has been
improved to ~ 3 (compared to that of no SC generation with a
maximum of P/C ~ 2 because of the relatively short effective
code length of ~ 8). To further improve the P/C, the peak
intensity of the autocorrelation signal has to be increased. It
is worth noting from the lower trace in Fig. 4 that there are
some low sidelobes in the decoded waveforms, which can be
partially ascribed to the nonideal synchronization between the
encoding and decoding side as well as the modulation index
difference between the two PMs. In addition, there are several
other factors that need to be taken into account: code transition
of the electrical signal from the PPG, dispersion mismatch of
the LCFBGs between the encoding and decoding side, and the
residual dispersion of the transmission fiber SMF and DCF.

Fig. 6 depicts the effect of code transition, which is defined
as 7 = a/b in the inset of Fig. 6(b) on the encoding/decoding
performance for OC3. As can be seen from Fig. 6(a), the code
transition will induce more pedestal pulses in the encoded wave-
form compared to the simulated encoded waveform in Fig. 6(b)
that without code transition. The dashed blue line in Fig. 6(a) is
the simulated encoded waveform with code transition of 45%,
which agrees well with the experimental result (solid line). In
the experiment, as the SPD configuration is similar to the en-
coding part, the relative code transition between the two PPGs
in the encoding and decoding side will significantly affect the
decoding performance. Fig. 6(c) shows the decoded waveform
with identical code transition between the encoding and de-
coding, from which one can see that the decoded waveform still
exhibit well-defined autocorrelation peak pulse while for dif-
ferent code transition, too many sidelobes in the decoded wave-
form appears, as can be seen from the inset in Fig. 6(d). The
peak-to-wing ratio (P/W) and peak intensity versus the relative
code transition are also shown in Fig. 6(d), respectively. As the
relative code transition increases, both the P/W and peak inten-
sity gradually decrease that will significantly degrade the trans-
mission performance. However, even if the absolute code tran-
sition in each PPG is very large, there is no obvious degradation
of the decoding performance when the relative code transition
between the two PPGs is approximately zero.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 29, NO. 3, FEBRUARY 1, 2011

Encoded waveform

a) I with code ,(b : w/o code |
: transition /_\ ransition

- 7101010101010101° !
t b«
i n=a/b

N g e e |
10ps/div i
Decoded waveform 10ps/div

100

(c) © with same
code transition

50

Peak to wing ratio (P/W)
S (me) Apswoyurywdg

= < E—

0

0 10 20 30 40 50 60 70 80
Code transition (%)

Time (10ps/div)
Fig. 6. (a) Encoded waveform (solid line) and simulated waveform (dashed
line) with code transition; (b) encoded waveform without code transition; (c)
decoded waveform (solid line) and simulated waveform (dashed line) with iden-
tical code transition in the encoding and decoding side; (d) P/W and peak in-
tensity versus relative code transition. Inset: is the decoded waveform for n =
45%.

_ @ by

2 140 ~

& 3

E 5 0.8+

£ 100 z

o0 2

= 123

z 80 E 06+

8 id @ pESESS

2 &

g 40 & h

& 04y SETan Eoune
Caose8s SSsesssasn p-e lOp.ﬁ/di\' %o
40 30 20 -10 0 10 20 30 40 40 30 20 -10 0 10 20 30 40

Dispersion mismatch (ps/nm) Dispersion mismatch (ps/nm)

Fig. 7. (a) P/W and (b) peak intensity of the decoded waveform versus the
dispersion mismatch. Insets: are the simulated decoded waveforms.

Besides the code transition, the dispersion mismatch in the
encoding and decoding side is another key factor for the de-
coding performance. Assuming the dispersion has been fully
compensated in both the encoding ( —D1, D1) and decoding
side (—D2, D2), but there is dispersion mismatch between them
(D1 # D2). Fig. 7(a) and (b) shows the P/W and peak intensity
of the decoded waveform versus the dispersion mismatch for
OC3, respectively. As the dispersion mismatch increases, the
peak intensity gradually decreases and the sidelobes are gener-
ated in the decoded waveform, and hence the P/W dramatically
decreases. The tolerance of dispersion mismatch is calculated to
be ~ £20 ps/nm for a minimum P/W and peak of 10 and 0.53,
which is a little strict for practical application. To address this
issue, we utilize two pairs of LCFBGs with identical dispersion
in the encoding and decoding side instead of a dispersion fiber,
so the effect of dispersion mismatch is easily eliminated in the
experiment.

In addition, since the proposed SPE/SPD scheme is per-
formed in time domain, the residual dispersion of the SMF and
DCF cannot be neglected. Fig. 8(a) shows the measured and
simulated decoded waveform considering the residual disper-
sion of 20 ps/nm in the transmission fiber for OC1, from which
one can see that the asymmetric sidelobes of the simulated
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decoded waveform agree well with the experimental result,
which verifies the decoding performance degradation due to
the residual dispersion in the SMF and DCF. The P/W versus
the residual dispersion is depicted in Fig. 8(b), from which one
can see that the P/W is very sensitive to the residual dispersion
and it will dramatically decreases with the increase of the
residual dispersion. The inset in Fig. 8(b) is the measured total
dispersion of the SMF and DCF in the experiment. Although
the dispersion compensation is not ideal in the experiment
with a residual dispersion of around 20 ps/nm at 1550.28 nm,
corresponding to a P/'W of ~ 10, it is enough for the SPE/SPD
DPSK-OCDMA system.

Finally, we have carried out a proof-of-principle experiment
with the proposed setup for simultaneous generation of SPE
and DPSK data modulation using single PM, and a 2.5-Gb/s
DPSK data transmission experiment using the time-domain
SPD scheme with 16-chip 25-ps/chip OC patterns. A trial of
fixed data pattern 010100111001 for OC1 has been done at
first, as shown in Fig. 9. The original data (a) is first precoded
into DPSK data format (b) 011000101110 and then mixed
with the OC1 to drive the PM in the encoding part, whose
electrical waveform is shown in Fig. 9(c). The combined DPSK
data and OC1 look like a pseudorandom bit sequence (PRBS)
that is not easy to directly extract the DPSK data. Fig. 9(d)
shows the waveform of the encoded SPE signal, which is
indistinguishable for symbol “0” and “1.” In the receiver side,
the complementary code OC1 is used to drive the second
PM to generate the decoded signal as shown in Fig. 9(e),
from which one can see the decoded signal for symbol “0”
and “1” have similar waveform but totally different phase
according to the DPSK data (0rw000mw0x7xO0...). Fig. 9(f)
shows the recovered data pattern after the DPSK demodu-
lator and balanced detector which is exactly the original data
pattern: 010100111001, indicating the feasibility of the pro-
posed time domain SPE/SPD DPSK scheme. In addition, the
2.5-Gb/s DPSK data transmission experiment has been carried
out using 27 — 1 PRBS for all the five codes. The measured
BER for back-to-back (B-to-B) and transmission with the five
codes are shown in Fig. 10(a) and (b), respectively. Error-free
(BER < 107?) has been achieved in both cases for all the
codes though the optical received power is a little high due to
the lack of a 2.5 GHz clock and data recovery circuit at the time
of this experiment. The power penalty for the transmission is
less than 1 dB. Clear eye opening have been achieved for all the
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five codes which demonstrate the proposed SPE/SPD scheme
using single PM for OC generation and DPSK data modulation,
and decoding using time-domain SPD scheme. Based on this
scheme, the OC can even be rapidly bit-by-bit reconfigured
and scrambled with the DPSK data to significantly enhance
the data confidentiality for secure optical communication. In a
multiuser environment, the multiple-access-interference (MAI)
existing in any OCDMA system may impair the performance
of the target user since the code length and P/C is not very high
in this system. By using optical time gating technique [21] to
reduce the effect of MAL it is possible to support other active
interfering users to improve both the capacity and security.

V. CONCLUSION

We have proposed and experimentally demonstrated an
OCDMA modulation scheme using only a single PM for simul-
taneous generating and decoding of time-domain spectral phase
encoded signal and DPSK data modulation. In the experiment,
five 16-chip 40-GHz/chip OC patterns and 2.5-Gb/s DPSK data
modulation have been generated using single PM. Transmission
of the 2.5-Gb/s DPSK data over 34 km fiber with BER < 10~?
has been demonstrated successfully. The proposed scheme has
simple configuration and enables rapid reconfiguring the OC,
exhibiting the potential to improve the flexibility and enhance
the system security.
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